Solid tumors depend on angiogenesis for sustained growth. Tissue inhibitor of metalloproteinase 2 (TIMP-2) is an angiogenesis inhibitor initially characterized for its ability to block matrix metalloproteinases; however, recent data suggest that the antiangiogenic action of TIMP-2 may rely on matrix metalloproteinase-independent mechanisms. The aim of this study was to identify molecular pathways involved in the effects of TIMP-2 on processes dependent on tumor-host interactions such as angiogenesis. Using in vitro cell culture and a syngeneic murine tumor model, we compared the effects of TIMP-2 overexpression on gene expression profiles in vitro to those observed in vivo. Validating these findings by real-time quantitative PCR and layered protein scanning, we identified up-regulation of mitogen-activated protein kinase phosphatase 1 as an effector of the antiangiogenic function of TIMP-2. Up-regulation of mitogen-activated protein kinase phosphatase 1 in tumors overexpressing TIMP-2 leads to dephosphorylation of p38 mitogen-activated protein kinase and inhibition of tumor growth and angiogenesis. Phosphatase activity appears important in regulating tumor angiogenesis, offering a promising direction for the identification of novel molecular targets and antiangiogenic compounds for the treatment of cancer.
INTRODUCTION
Tissue inhibitor of metalloproteinase 2 (TIMP-2) is a multifunctional inhibitor of angiogenesis, tumor growth, and tumor invasion (1, 2) . These processes involve not only tumor cells themselves but also the modulation of complex tumor-host interactions. Because the host response to the tumor microenvironment can act either to facilitate or to inhibit tumor invasion and spread, manipulating these host response elements has become a major focus of novel anticancer strategies (3, 4) . Although TIMP-2 was initially characterized for its ability to block the action of matrix metalloproteinases (MMPs; Ref. 2) , early clinical trials of synthetic small-molecule inhibitors of MMPs have been disappointing (5) . Thus, the antiangiogenic action of TIMP-2 may rely on MMP-independent mechanisms that modulate tumor-host interactions (1, 6) .
Angiogenesis is a prototypical example of the importance of tumorhost interactions because solid tumors are dependent on angiogenesis for continued growth (7) . Prior studies have suggested that viable, potentially lethal tumor cells can remain dormant in the host for long periods of time if deprived of a neovasculature (8) . Elucidation of molecular pathways involved in this and other tumor-host interactions may yield novel biological therapeutics for patients with cancer.
MATERIALS AND METHODS
Overexpression of TIMP-2 in Murine Colon Adenocarcinoma Cells. pEF-null is a retroviral vector in which the downstream cytomegalovirus promoter of the vector pCLNCX has been replaced with the human elongation factor (EF)-1␣ promoter (9) . The human TIMP-2 gene was cloned from the vector pBS-T2 (obtained from Dr. W. Stetler-Stevenson, National Cancer Institute) into the pEF-null vector to generate the vector pEF-T2. Pseudotyped retroviral particles were generated using pEF-null or pEF-T2 as described previously (9) . MC38 murine colon adenocarcinoma cells (Surgery Branch, National Cancer Institute) were transduced with pEF-null-or pEF-T2-derived retroviral supernatant and cloned as described previously (9) . Quantitative real-time PCR (qRT-PCR) was performed on RNA extracted from cells grown in vitro (see below for details). Transduced cell supernatants were tested using a human TIMP-2 ELISA (Amersham). A high TIMP-2-expressing clone, designated MC38/TIMP-2, was selected for further study. pEF-null-transduced cells were designated MC38/null. In vitro cell proliferation assays were performed as described previously (9) .
In Vivo Tumor Growth and Microvascular Density. Animal experiments were conducted according to protocols approved by the NIH Animal Care and Use Committee. Eight-week-old female C57BL/6 mice (Charles River Laboratories) received injections of 1 ϫ 10 6 MC38, MC38/null, or MC38/TIMP-2 cells. Injections and tumor measurements were performed as described previously (9) . To assess the effects of phosphatase inhibition, mice with tumors grown as above were treated with sodium orthovanadate (0.16 mg in 200 l of PBS; Sigma) or PBS alone (200 l) i.p., 5 days/week for 2 weeks, starting on day 14. Tumor sections were stained and microvascular density assessed as described previously (9) .
RNA Isolation, qRT-PCR, and cDNA Microarray Analysis. For RNA isolation, cells cultured in vitro were resuspended in Trizol (Life Technologies, Inc.); harvested tumors were cleaned of peritumoral tissue and necrotic debris and homogenized in Trizol using a bead homogenizer (BIO 101). After the addition of chloroform, RNA was precipitated from the aqueous phase using isopropanol, washed in 70% ethanol, and resuspended in diethyl pyrocarbonate-H 2 O. Concentration and purity of all RNA samples was determined using the A 260 nm /A 280 nm ratio and formaldehyde gel electrophoresis. qRT-PCR was performed as described previously (10) . Sequences were as follows: human TIMP-2 (UniGene NM_003255)-5Ј-GAGCCTGAACCACAGGTACCA-3Ј, 5Ј-TCTGTGACCCAGTCCATCCA-3Ј, and 5Ј-FAM-AGTGCAAGAT-CACGCGCTGCCC-TAMRA-3Ј; and murine Ptpn16 (NM_013642)-5Ј-GCGCGCTCCACTCAAGTC-3Ј, 5Ј-GCACAGCTCAGGGCAGGA-3Ј, and 5Ј-FAM-CCGAAAACGCTTCATATCCTCCTTGGA-TAMRA-3Ј.
The relative expression of each gene of interest was normalized to that of glyceraldehyde-3-phosphate dehydrogenase, and gene expression in each sample then was compared with expression in parental MC38 cells grown in vitro. Microarray analysis was conducted comparing gene expression in MC38/ TIMP-2 and MC38/null cells in vitro and in MC38/TIMP-2 and MC38/null tumors after 6 or 12 days of s.c. growth. In vivo expression of the TIMP-2 gene at these time points was confirmed using qRT-PCR. cDNA microarray probes were synthesized using 30 -50 g of total RNA as described previously (10) . All arrays were repeated using reciprocal fluorescence. Genes with an expression that differed between MC38/null and MC38/TIMP-2 by at least 2-fold in at least two of the four in vivo arrays were identified, and patterns of in vitro and in vivo gene expression were analyzed. Microarray findings for representative genes were validated by qRT-PCR.
Analysis of Tumor Protein Expression and Phosphorylation Status.
For layered protein scanning (11) , frozen sections (10-m thickness) of tumor tissue were arrayed on a large glass slide and transferred onto 10 replicate membranes (20/20 Gene Systems) according to the manufacturer's recommendations. After transfer, membranes were gently washed in phosphate buffer (Pierce Biotechnology), incubated in 2 mg/ml EZ-Link Sulfo-NHS-Biotin (Pierce) in PBS for 30 min at room temperature, and washed in TBST buffer [50 mM TRIS (pH 8.0), 150 mM NaCl, and 0.05% Tween 20] . Membranes then were incubated in 1:500 dilution of streptavidin conjugated to fluorescein (Molecular Probes) for 15 min at room temperature, washed in TBST, and blocked for 15 min in 1ϫ casein solution (Vector Laboratories). Membranes were incubated overnight at 4°C in one of the following primary antibodies: anti-p38 (1:100, Cell Signaling Technology); anti-phospho-p38 (1:100, Cell Signaling); or anti-mitogen-activated protein kinase phosphatase 1 (MKP-1; 1:100, Santa Cruz Biotechnology). The membranes then were washed in TBST, incubated in a complex of secondary antibody and alkaline phosphatase, and washed again. Localization of the target protein was visualized by enhanced chemiluminescence (DuoLux; Vector Laboratories) and Biomax MR film (Kodak). The images were digitalized by scanning on an Astra 2200 scanner (UMAX Technologies) and saved as TIFF files. After individual protein visualization, membranes were exposed to an Image Station CF440 (Kodak) to visualize biotinylated total protein and saved as TIFF files. Images were analyzed using MARKO Image Analysis Software (20/20 Gene Systems).
Immunoprecipitation and Western Blotting. Human microvascular endothelial cells were plated on gelatin-coated 100-mm dishes (BD Biosciences, San Jose, CA) in serum and growth factors (EGM-2 MV BulletKit; Cambrex, East Rutherford, NJ) for 24 h at 37°C, followed by an additional incubation for 24 h in serum-free EBM-2. Quiescent human microvascular endothelial cells were pretreated with 50 nM TIMP-2 for 20 min and stimulated with fibroblast growth factor 2 (50 ng/ml) for 15 min. After treatment, endothelial cells were rinsed twice with ice-cold PBS and lysed by incubation in 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 10% glycerol, 1% NP40, 1 mM EDTA, 100 g/ml 4-(2-aminoethyl)benzenesulfonyl fluoride, 10 g/ml aprotinin, 1 g/ml pepstatin A, 0.5 g/ml leupeptin, 80 mM ␤-glycerophosphate, 25 mM NaF, and 1 mM sodium orthovanadate for 30 min at 4°C. Cell lysates were clarified at 13,000 ϫ g for 20 min at 4°C. For immunoprecipitation, 500 g of whole cell lysates were incubated overnight with anti-mitogen-activated protein kinase (MAPK) antibody (Santa Cruz Biotechnology) followed by protein A/G PLUS-agarose (Santa Cruz Biotechnology), and the immunoprecipitates were resolved by SDS-PAGE and immunoblot analysis with anti-MKP-1 antibody (Santa Cruz Biotechnology).
Statistical Analysis. Groups were compared using the Mann-Whitney U test, and P values Ͻ 0.05 were considered statistically significant.
RESULTS AND DISCUSSION
Retroviral Transduction Yields Overexpression of TIMP-2 in MC38 Murine Colon Cancer Cells. To identify pathways involved in the host response to TIMP-2, we used retroviral gene transfer in a syngeneic murine tumor model. We previously incorporated the human EF-1␣ promoter into a modified retroviral vector and demonstrated prolonged antiangiogenic transgene expression in mice (9). 3 , respectively, P ϭ 0.0008; n ϭ 8 mice/group). C, angiogenesis was significantly reduced in MC38/ TIMP-2 tumors compared with MC38/null tumors (16.1 Ϯ 4.2 and 30.7 Ϯ 1.9 CD31-positive microvessels/ϫ600 high power field (hpf), respectively; P Ͻ 0.05; n ϭ 5 tumors/group). MC38/null (D) and MC38/TIMP-2 (E) showed similar tumor morphology (H&E, ϫ400). F, MC38/null tumors demonstrated scattered CD31-positive microvessels (brown reaction product, ϫ400), compared with a relative paucity of microvessels in MC38/ TIMP-2 tumors (G).
EFFECTS OF TIMP-2 ON TUMOR-HOST INTERACTIONS
Research. Continuous release of an antiangiogenic protein, as can be achieved using a retroviral gene transfer model, appears more effective than intermittent bolus dosing (12) . The human TIMP-2 gene was cloned into the empty vector pEF-null, and MC38 murine colon adenocarcinoma cells were transduced with pseudotyped retroviral particles. A high TIMP-2-expressing clone (MC38/TIMP-2) was selected for further study. MC38/TIMP-2 cells grown in vitro demonstrated a 14-fold increase in TIMP-2 RNA as determined by qRT-PCR. Mean TIMP-2 protein concentrations in the supernatants of MC38/TIMP-2 cells were 136 ng/ml as determined by ELISA.
TIMP-2 Overexpression Inhibits MC38 Tumor Growth in Vivo but not in Vitro. We then evaluated MC38/TIMP-2 growth in vitro and in vivo. In a 4-day in vitro proliferation assay, there were no significant differences in growth between MC38/TIMP-2 and MC38/ null cells (Fig. 1A) . However, three-dimensional tumor size after s.c. injection into syngeneic mice revealed substantial growth inhibition of the MC38/TIMP-2 tumors compared with either MC38/null or wildtype MC38 tumors (Fig. 1B) . This difference was statistically significant 9 days after tumor cell inoculation and became progressively more dramatic until control animals required sacrifice. A lesser degree of growth inhibition was seen when mice were inoculated with bulk TIMP-2-transduced MC38 cells or a transduced MC38 clone with lower TIMP-2 expression (data not shown). This finding suggests a dose effect of TIMP-2-induced growth inhibition. The high-expressing MC38/TIMP-2 clone demonstrated similar growth inhibition in nude mice as in immunocompetent mice (data not shown), suggesting that tumor inhibition was not caused by immunogenicity. Because MC38/TIMP-2 growth was inhibited only in vivo and not in vitro, we concluded that tumor-host interactions are responsible for TIMP-2-induced tumor growth inhibition. 
Research. 
Microvessel counts based on CD31-immunostained tumor sections revealed a statistically significant reduction in microvascular density in MC38/TIMP-2 tumors compared with MC38/null tumors (P Ͻ 0.05; Fig. 1C) . The difference in microvascular density was observed on immunostained sections despite similar tumor morphology (Fig. 1D-G) . MC38/TIMP-2 also demonstrated less vascularity grossly. Thus, TIMP-2 overexpression inhibits tumor angiogenesis.
Comparison of Gene Expression Profiles in Vitro and in Vivo Yields Candidate Host Response-Associated Genes. Because of the striking phenotypic difference in growth between TIMP-2-transduced tumor cells grown in vivo and those grown in vitro, we sought to identify genes associated with tumor-host interactions induced by TIMP-2. Results from cDNA microarrays performed on in vitro cell lines were compared with those performed on in vivo tumors. Because the growth curves of MC38/TIMP-2 and MC38/null tumors diverged between days 6 and 12 after inoculation (Fig. 1B) , these two time points were selected for in vivo gene expression analysis. Earlier time points might fail to identify critical pathways responsible for antitumor effects, whereas later time points might identify nonspecific secondary effects related to unchecked tumor growth in controls. TIMP-2 mRNA remained increased in MC38/TIMP-2 tumors during the time course studied (6.3-7.2-fold up-regulation by qRT-PCR).
A schematic diagram of the approach to cDNA microarray analysis is shown in Fig. 2A . MC38/TIMP-2 cells were compared with MC38/ null cells in vitro and after 6 or 12 days of in vivo growth. For each comparison, duplicate arrays were performed, and genes were identified as differentially expressed in vivo if they were altered Ն2-fold in at least half of the arrays performed on in vivo samples. In addition, genes were considered differentially expressed only if expression ratios reciprocated when the red and green fluorophores were reversed. Using these criteria, 28 genes were found to be differentially expressed in vivo (i.e., up-or down-regulated in MC38/TIMP-2 tumors compared with MC38/null tumors). Of these 28 genes, 8 showed similar expression differences in vitro, suggesting alterations in the tumor cells themselves, rather than in tumor-host interactions. Seven genes showed expression patterns that changed between days 6 and 12; these genes were not additionally analyzed. The remaining 13 genes showed persistent expression differences in vivo that were not present in vitro and were considered candidates for genes related to tumor-host interactions induced by TIMP-2 (Fig. 2B) .
To select genes for further study, we reviewed the known relationships between each gene and TIMP-2-related processes such as angiogenesis and invasion. Of particular interest was Ptpn16, the murine gene for MKP-1, a dual specificity phosphatase involved in the dephosphorylation (and thus inactivation) of a number of tyrosine and threonine kinases involved in signal transduction in response to growth stimuli, including MAPKs (16). We and others (1, 6) have previously suggested the potential importance of phosphatases in TIMP-2-induced inhibition of angiogenesis. We hypothesized that up-regulation of Ptpn16 might be a critical event in TIMP-2-induced inhibition of tumor growth via inactivation of MAPK pathways. It is important to emphasize that in this regard the microarray data are being used only as a screening tool for generating testable hypotheses and not as an end point in themselves. Array data suggested that Ptpn16 was up-regulated Ͼ5-fold in MC38/TIMP-2 tumors, even when tumors had not yet shown gross evidence of growth inhibition (day 6; Fig. 2C ). qRT-PCR suggested Ptpn16 up-regulation might be much higher (ϳ30-fold), a phenomenon we reported previously (10) . Ptpn16 expression ratios remained increased at day 12, although to a lesser degree than at day 6. With only two time points assayed, it is difficult to speculate on the reason for this drop, although it is likely that mediators other than TIMP-2 regulate the expression of Ptpn16. Perhaps as the control tumors grow, other antiangiogenic mediators cause up-regulation of Ptpn16, or perhaps feedback loops in the TIMP-2-transduced tumors temper Ptpn16 expression over time. Fig. 3 . Layered protein scanning of tissue arrays. A, multiple tumor sections were arrayed on a glass slide. A portion of the array is shown, demonstrating H&E-stained sections of MC38/TIMP-2 and control (MC38/null) tumors. Proteins were transferred to replicate layered membranes, which were probed using antibodies to mitogen-activated protein kinase phosphatase 1 (MKP-1), total p38, and phospho-p38 (single protein detection, left). Images were scanned, and values were normalized to total protein (right). B, expression of MKP-1, the Ptpn16 gene product, was increased by a factor of 2.8 in MC38/TIMP-2 tumors compared with MC38/null tumors. C, expression of the phosphorylated form of p38 mitogen-activated protein kinase, subject to dephosphorylation by MKP-1, was decreased by 34% in MC38/TIMP-2 tumors, whereas total p38 expression (D) was similar. E, thus, a 32% overall decrease in p38 phosphorylation, expressed as the phospho-p38/total p38 ratio, was seen in the MC38/TIMP-2 tumors.
TIMP-2-Induced MKP-1 Expression Is Associated with Inhibition of Tumor Growth and Decreased Phosphorylation of p38
MAP Kinase. To analyze protein expression patterns associated with the gene expression profile results described above, we used layered protein scanning (11), a multireplica protein-blotting technique, to produce replicate membranes of a tissue array representing multiple sections of three tumors from each experimental group (between five and nine total sections/group; Fig. 3A ). These membranes were probed with specific antibodies, and the resultant signals were quantified, normalized to total protein, and expressed as relative protein with respect to control (MC38/null) tumors. MKP-1 protein expression was increased 2.8-fold in MC38/TIMP-2 tumors (Fig. 3B) . Western blotting of protein lysates from null-and TIMP-2-transduced tumor cells grown in vitro yielded bands of similar intensity when probed for MKP-1 (data not shown). These findings suggest a link between MKP-1 up-regulation and TIMP-2-associated inhibition of angiogenesis in vivo, although the cell of origin of the increased MKP-1 expression in vivo cannot be ascertained definitively from these data. Because MKP-1 dephosphorylates MAPK pathways (16, 17) , membranes were probed for total and phosphorylated p38 MAPK. p38 MAPK plays a critical role in signal transduction in response to various angiogenic molecules, including fibroblast growth factor and vascular endothelial growth factor (18 -20) , and p38 MAPK inhibitors have been shown to be directly antiangiogenic (21) . Layered protein scanning demonstrated a 34% decrease in phosphorylated p38 in MC38/TIMP-2 tumors (Fig. 3C) , whereas total p38 was unchanged (Fig. 3D) . This corresponded to an overall decrease in the phospho-p38/total p38 ratio of 32% in MC38/TIMP-2 tumors (P ϭ 0.0005; Fig. 3E ).
To verify that the TIMP-2-associated decrease in p38 phosphorylation was associated with increased phosphatase activity and tumor growth inhibition, we treated MC38/TIMP-2 tumor-bearing mice with orthovanadate, an inhibitor of phosphatases, including MKP-1 (22, 23) . Growth of TIMP-2-transduced tumors was accelerated during orthovanadate treatment (Fig. 4A) , whereas the tumor growth curves converged after cessation of orthovanadate administration. Growth Taken together, these data suggest a mechanism for the effects of TIMP-2 on angiogenesis and other host response elements. C, proangiogenic factors such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) are known to stimulate endothelial cell proliferation and migration in part by activating MAPK pathways, including p38. D, TIMP-2 may inactivate p38 MAPK through the up-regulation of MKP-1, dephosphorylating p38, and preventing signal transduction of proangiogenic stimuli from cytokines in the tumor microenvironment.
EFFECTS OF TIMP-2 ON TUMOR-HOST INTERACTIONS
Research.
on July 20, 2017. © 2004 American Association for Cancer cancerres.aacrjournals.org Downloaded from curves of MC38/null tumors were similar to those shown in Fig. 1B, i.e., MC38/null tumor grew more rapidly than MC38/TIMP-2 tumors with or without orthovanadate, indicating that orthovanadate only partially reversed the TIMP-2-induced tumor growth inhibition. At the molecular level, however, layered protein scanning of orthovanadateand PBS-treated tumors demonstrated that orthovanadate completely reversed the TIMP-2-induced decrease in p38 MAPK phosphorylation in MC38/TIMP-2 tumors (P ϭ 0.003 versus PBS-treated animals; Fig.  4B ). These findings suggest a mechanism of TIMP-2 action whereby induction of MKP-1 leads to inactivation of MAPK pathways and inhibition of angiogenesis and tumor growth (Fig. 4, C and D) . The antiangiogenic effects of TIMP-2 might additionally increase MKP-1 expression by inducing intratumoral hypoxia (24) .
To determine whether the TIMP-2-induced increase in MKP-1 occurs in endothelial cells, we examined MKP-1 expression in protein lysates from fibroblast growth factor-stimulated endothelial cells grown in vitro. MKP-1 exerts its effects by binding to MAPKs and dephosphorylating them. Therefore, we performed immunoprecipitation using an anti-MAPK polyclonal antibody and examined the amount of MKP-1 that was coprecipitated. The addition of TIMP-2 to the endothelial cell medium caused a Ͼ2-fold increase in the amount of MKP-1 bound to MAPK in the cell lysate (Fig. 5) . These data show that TIMP-2 has direct effects on MKP-1 in endothelial cells and support the hypothesis that MKP-1-induced MAPK inactivation contributes to the antiangiogenic effects of TIMP-2.
These findings are in agreement with our recent study that TIMP-2 directly inhibits microvascular endothelial cell growth and angiogenesis via a mechanism that is independent of MMP inhibition but requires integrin binding and protein tyrosine phosphatase activity (6) . These data demonstrated that TIMP-2 suppresses phosphorylation of endothelial cell receptors for fibroblast growth factor (FGFR-1) and vascular endothelial growth factor (KDR) in a phosphatase-dependent manner. Combined with data from the present study, it appears that TIMP-2 may inactivate growth signaling pathways in endothelial cells by modulating the expression or activity of phosphatases that act at multiple key points along these pathways. Development of a therapeutic agent to duplicate this antiangiogenic mechanism of TIMP-2 may be critical to augment clinical efficacy of small-molecule MMP inhibitors.
In conclusion, we demonstrate that the antiangiogenic action of TIMP-2 is mediated in part by the induction of MKP-1, leading to p38 MAPK pathway inactivation. In addition, we present these findings as a general strategy to identify molecular pathways associated with the host response to the tumor microenvironment. In the era of molecular therapies specific to cancer-related biological processes, identifying novel molecular targets has become a central focus of experimental anticancer therapeutics. As with many signal transduction pathways governing cellular responses to growth stimuli, the p38 MAPK pathway is phosphorylation dependent, and changes in its activation status might be overlooked by strategies which address only gene expression or even total protein expression. However, gene expression profiling can identify regulatory genes such as Ptpn16, which may impact phosphorylation of signaling genes and thus can generate testable hypotheses that lead to identification of critical molecular targets through downstream proteomic analysis. We also emphasize that at the initial time point studied, tumors in all groups were of identical size. Thus, this approach can identify molecular differences in tumors exposed to inhibitory agents before gross differences in tumor growth are noted. Specifically, the identification of MKP-1 as a modulator of the in vivo antiangiogenic action of TIMP-2 suggests new molecular targets for the development of more effective antiangiogenic drugs, and such efforts are currently underway in our laboratory. 
